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Abstract 
Over the last 40 years the theoretical basis has been developed for using vibrational 
spectroscopy as a tool for peptide and protein structure analysis.  In spite of these efforts 
it is still considered to be a low resolution technique, which cannot compete with NMR 
and X-ray crystallography.  However, experimental and computational developments 
over the last 10 years have provided tools which make vibrational spectroscopy a much 
more powerful technique.  This review focuses mostly, though not exclusively, on the use 
of the amide I mode for the structure analysis of polypeptides.  It evaluates the physical 
basis of a variety of theoretical and experimental concepts and argues that only a 
combination of different techniques and spectroscopies can advance the field towards a 
more precise determination of dihedral angles in even highly heterogeneous polypeptides. 
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Introduction 
The determination of peptides’ and proteins’ structures constitutes one of the pillars of 
current research in molecular biology and biochemistry.  The most accurate method in 
this regard is X-ray crystallography, by means of which atomic resolution for even large 
macromolecules can be achieved [1].  Its disadvantage is that it provides a static picture 
of the investigated molecule, which might not represent even the dynamic average.  
Moreover, crystallization is not always a trivial and successful endeavor.  Molecules such 
as peptides might be forced by crystal forces into structures which deviate from those 
adopted in solution.  The latter can instead be investigated by two-dimensional NMR 
spectroscopy, which can also be utilized to probe conformational changes which occur on 
a millisecond or slower time scale [2].  However, this technique encounters some 
problems when dealing with (naturally) unfolded peptides and proteins, because neither 
3JCαHNH coupling constants nor the NOE signals can be per se used to derive a clear 
picture of coexisting conformations, which interconvert on a time scale fast compared 
with the method’s time resolution.[3].  Apparently, complementary methods for structure 
analysis are needed, which can be employed to obtain the necessary information for 
understanding the relationship between structure, function and dynamics of proteins and 
peptides. 
 Vibrational spectroscopic techniques such as FTIR and Raman spectroscopy are 
generally considered to be low-resolution techniques, which are solely useful for 
quantifying the contribution of distinct secondary structure motifs to the overall protein 
structure [4,5,6].  Recent advances in the field of vibrational optical activity has led to 
refined structure decomposition methods by allowing discrimination[7,8], e.g. between 
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α- and 310 helices and the identification of polyproline II content [9].  In addition, some 
site-specific information became possible by isotopic labeling of distinct peptide groups 
[10,11,12,13]  Generally, however, all these developments do not move vibrational 
spectroscopy into a competitive position with respect to NMR.  This is unfortunate 
because both Raman- and IR-based spectroscopy offer a much larger time window for 
investigating dynamic processes (>10-12 s), which makes theses techniques particularly 
suitable for exploring structural conversion such as folding and unfolding. 
 This paper reviews some most recent advances in the field of vibrational 
spectroscopy, which have the potential to provide a more detailed structural picture 
particularly of peptides, for whom the application of X-ray crystallography or NMR 
spectroscopy renders difficult.  In this context we focus on elucidating the physical basis 
of approaches aimed at obtaining information about the dihedral angle distributions of 
peptides and proteins.  Thus, we do not explicitly consider even novel approaches which 
are mostly based on a spectral decomposition into basis spectra, since a variety of 
excellent reviews of the respective methods already exist [5,6,7,8]  The paper is 
organized as follows.  The first chapter delineates the current understanding of the normal 
mode composition of the most relevant amide modes.  A particular emphasis will be put 
on amide III, owing to its structural sensitivity [14,15,16], complexity and contradictory 
band assignments and interpretations in the literature [17,18,19,20,21,22,23].  The 
remaining chapters focus on the amide I mode, the IR band of which is most frequently 
used for secondary structure analysis [5].  The second chapter discusses vibrational 
mixing between modes associated with different peptide groups by comparing two 
commonly used approaches, namely the coupled oscillator model and the use of complete 
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normal mode pictures [24,25].  The third chapter describes a fully quantum mechanical 
approach, which treats vibrational mixing between amide I modes as excitonic coupling 
in the excited vibrational state of a quantum mechanical oscillator.  In this context, we 
describe the use of nonlinear femtosecond two-dimensional IR spectroscopy to determine 
the dihedral angle between interacting peptide groups [26 ].  Work from our own research 
group utilizing a combination of FTIR, polarized Raman, Vibrational Circular Dichroism 
(VCD) and Electronic Circular Dichroism (ECD) to probe the conformations of unfolded 
peptides is subsequently discussed in the same chapter [27]. 
 
1. Normal mode composition of peptide vibrations. 
The basics of a normal mode analysis of peptides have been dealt with in numerous 
reviews [6,28,29].  Here, we confine ourselves to briefly describing the most important 
amide modes with some emphasis on amide III.  For the purpose of illustration and 
orientation a FT-Raman spectrum of the model peptide N-methylacetamide (NMA) 
reported by Chen et al. [30] is depicted in Figure 1. 
 
Amide I  The amide I band (AI) appears as most intense in the IR spectra of peptides and 
proteins.  Its visible Raman intensity is moderate and its UV resonance Raman excitation 
generally weak [30,31].  Depending on the solvent and the peptide environment, the band 
is depicted in the wavenumber region between 1610 and 1700 cm-1, reflecting the strong 
dependence on the hydrogen bonds accepted from and donated to the carbonyl and NH 
group, respectively [32,33].  Owing to its structure sensitivity it is frequently used for 
exploring the secondary structure of polypeptides and proteins in solution [4,5,6].  The 
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respective vibration is generally described as a pure CO stretching mode (CO s), but this 
is an oversimplification in that its eigenvector contains significant contributions from NH 
in-plane bending (NH ip b) and CN s [30,34,35].  If water is used as solvent, amide I 
mixes with the bending modes of the water molecules constituting the respective 
peptide’s hydration shell [29,30,36,37]  However, this effect and the admixture of NH is 
eliminated if D2O rather than H2O is used as solvent.  As a consequence one observes a 
slight downshift of amide I (now termed amide I’, AI’).  The intrinsic amide I 
wavenumber (in the absence of any interpeptide vibrational coupling) is to a significant 
extent determined by the peptide environment in that it decreases with increasing strength 
of hydrogen bonding between solvent molecules and the CO and NH group and with 
increasing solvent dielectricity [32,33,38,39].  Recently, Measey et al. reported that the 
wavenumber, oscillator strength and Raman cross section of AI depend on the adjacent 
side chains [40].  In VCD and ROA (Raman Optical Activity) spectra amide I gives rise 
to a structure sensitive couplet which arises to a significant extent from interpeptide 
vibrational coupling [7,8].  In the chapters below we will mostly focus on how coupling 
between adjacent amide I modes can be exploited to obtain detailed secondary structure 
information. 
 
Amide II.  Amide II (AII) is generally considered as much less structure sensitive than 
amide I.  It is an out-of-phase combination of CN s and NH ib [28,30,34,35].  Depending 
on the solvent the band can be found between 1530 and 1580 cm-1.  If the amide proton is 
replaced by deuterium, the two modes decouple and amide II shifts down to values below 
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1500 cm-1 (amide II’, AII’).  This sometimes leads to vibrational mixing with CH 
deformation modes [30,34,35]. 
 
Amide III.  The amide III band normally appears in the region between 1200 and 1340 
cm-1; the exact wavenumber depending on environment and structure.  In spite of its 
structure sensitivity it has not been frequently used for secondary structure analysis 
owing to its weak oscillator strength, though exceptions are reported in the literature [15].  
The situation changed somewhat with the development of UV-resonance Raman 
spectroscopy, since amide III appears very strong with UV pre-resonance and resonance 
excitation [30,31,32,41].  Recently, Asher et al.[20] applied UV-resonance Raman 
spectroscopy to various dipeptides and found evidence for the hypothesis of Lord [14] 
that the amide III wavenumber depends on the dihedral angle ψ, whereas it is nearly 
independent of φ [20].  Based on normal mode analyses of N’-methylacetamide (NMA), 
amide III is generally described as an in-phase combination of CNs and NH ib [30,34,35]  
However, the situation is much more complicated in peptides with natural amino acid 
residues.  Based on FTIR spectra of dialanine (AA) and its isotopic derivatives Diem et 
al. designated bands at 1281, 1325 and 1340 cm-1 as amide III1, amide III2, and amide 
III3, respectively [19].  These bands can be identified in the polarized Raman and IR 
spectra of dialanine shown in Figure 2.  Their occurrence was interpreted as resulting 
from strong coupling of NH ib with various CαH bending modes.  However, more recent 
DFT based-normal mode calculations by Weir et al.[42] and Schweitzer-Stenner et 
al.[21] revealed that neither the 1325 cm-1 nor the 1340 cm-1 mode exhibits substantial 
NH ib and CN s contributions to the total energy distribution.  The respective 
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contributions to the eigenvectors is somewhat more significant, but still too small to 
characterize these modes as amide III.  Instead, the eigenvector pattern obtained by 
Schweitzer-Stenner et al.[21] suggest that the normal modes of the three AA bands at 
1243, 1263 and 1280 cm-1 exhibit sufficient NH ib and CN contributions to designate 
them as amide III, i.e. AIII1, AIII2 and AIII3, respectively.  This assignment is reflected 
by the labels in Figure 2.  The main difference between the modes concerns the mixing 
with the CαH bending vibration, as depicted in Figure 3.  AIII2 exhibits an in-phase 
combination between NH ib and the N-terminal CαH in-plane bending vibration (CαH 
ib), amide III3 an out-of-phase mixing with the N-terminal CαH ib and the C-terminal 
CαH ob (out-of-plane bending) and additional in-phase mixing with the C-terminal CαH 
ib.  AIII1 depicts contributions from all four CαH vibrations and also some significant 
contribution from CH3 deformation modes of both alanine residues.  A detailed analysis 
of the Raman and IR spectra of various XA and AX dipeptides (X represents a set of 
different side chains) provided evidence that only the wavenumber of AIII2 depends 
predominantly on the dihedral angle ψ of the N-terminal linkage, in line with Lord’s 
hypothesis.  Indeed, it can be shown that it is this band, which contributes mostly though 
not exclusively to the amide III band profiles reported by Asher et al. [20]. 
Recently, Mikhonin et al. presented a quite different analysis of the amide III 
band region, based on UV Raman spectra of AA, and of the unfolded state of a 21-
residue containing alanine based peptide termed AP [22].  In the spectrum of the latter the 
authors identified three bands at 1245 cm-1, 1303 cm-1 and 1337 cm-1, which they 
designated as AIII3, AIII2 and AIII1 (Figure 4a).  The rationale particularly for the 
designation of the 1303 cm-1 and 1337 cm-1 bands as amide III is not immediately 
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obvious.  The authors argue that the downshift of AIII2 and AIII3 upon amide deuteration 
reflects a significant contribution from NH ib.  None of the above cited normal mode 
calculations support this view.  One has to keep in mind that the amide deuteration 
generally causes a total reorganization of eigenvector composition, not just an elimination 
of NH ib [30].  This might affect the wavenumber and even more the intensity of modes, 
even if the NH ib contribution is small.  Interestingly, the authors themselves eventually 
arrive at the conclusion that the 1303 cm-1 and 1337 cm-1 modes are predominantly CαC s 
and CαH b.  The band designated as AIII3 is most likely the envelope of the superposition 
of the three AIII subbands inferred from the visible Raman studies on dipeptides [21,43].  
One has to keep in mind that the spectral bandwidth of a UV Raman spectrometer is a 
factor of 2 -3 larger than that of a corresponding instrument working in the visible [43].  
Therefore, we are not convinced that the work of Mikhonin et al. provides sufficient 
justification for modifying the assignments in reference 21. 
 It should be emphasized that the above discussion is applicable only if the peptide 
is in an extended state.  The UV resonance Raman spectrum of the helical state of AP 
clearly depicts three quite intense Raman bands at 1261 cm-1, 1303 cm-1 and 1337 cm-1 
(Figure 4b).  Mikhonin et al. designated them as AIII1, AIII2 and AIII3, but they pointed 
out that a direct comparison with the amide III modes of extended conformations should 
be avoided since the normal mode patterns might be significantly different [22].  In view 
of the fact that resonance Raman intensity can result from CN s, CαC and NCα 
contributions to the eigenvector [31], a final assessment has to await the result of a 
normal mode analysis. A very illuminating study on a variety of polypeptides, proteins 
and viruses by McColl et al. led to the identification of two Raman Optical Activity 
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(ROA) signals at 1300 and 1340 cm-1 as markers for a canonical, non-hydrated α-helical 
conformation and a more open, mostly hydrated α-helix, respectively [44].  These 
conformations are shown in Figure 5.  It seems to be likely that these two ROA signals 
corresponds to what Mikhonin et al.[22] assigned as AIII2 and AIII3 in their UV Raman 
spectra of helical AP, even though this notion was questioned by these authors.  The 
simultaneous occurrence of both bands would not be surprising in view of recent 
theoretical studies, which suggest that e.g. the charged arginine side chains in AP causes 
a partial dehydration of the peptide carbonyls [45]. 
 Another observation deserves to be mentioned in this context.  Barron and 
coworkers identified an ROA signal in the 1310-1325 cm-1 region of various peptides 
which at least partially adopt a polyproline II (PPII) conformation [46].  This led them to 
identify this band as maker for this particular secondary structure.  Figure 6 how this 
signal increases with increasing numbers of residues of polyalanine peptides.  The 
authors identified another positive ROA band at 1310 cm-1, band which might also be 
diagnostic of PPII.  An inspection of the normal mode analysis of AA in ref. [21] strongly 
suggests that the corresponding normal modes can be described as mixtures of CαH in-
plane and out-of-plane bending modes from both sides of the peptide linkage.  This 
makes the normal mode composition and thus the corresponding spectral parameters 
highly conformation-dependent. 
 
Amide S.  In addition to the three classical amide modes another vibration gives rise to a 
detectable band between 1390 cm-1 and 1400 cm-1 in the UV-resonance Raman spectra of 
non-helical peptides.  Asher and his associates generally describe it as CH b [20], 
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whereas Spiro and coworkers prefer the designation amide S because they interpreted the 
UV resonance enhancement as resulting from some admixture with amide III components 
[47].  A DFT based normal mode calculations on N-acetyl-N-methyl-L-alanylamide [42] 
and on dialanine revealed some contributions from NH ib and substantial mixing of CαH 
ib, CαC s and CH3 sb (symmetric bending) [37].  Hence, the designation CH b appears 
somewhat too general.  Amide S appears slightly more appropriate though it has to be 
emphasized that the mode is more complicated than the picture of a simple mixture of 
amide III and CαH ib suggests. 
 
2. Normal modes and vibrational spectra of polypeptides. 
The first strong evidence for some type of vibrational mixing between peptide (amide) 
modes was provided by the observation that AI in the spectrum of a crystallized 
antiparallel β-chain of polypeptides exhibits a splitting of nearly 60 cm-1 [28].  Miyazawa 
tried to rationalize this finding in terms of through-bond mixing (covalent and non-
covalent) between amide I modes within a repeat unit [48]  However, as convincingly 
demonstrated by Abe and Krimm [49], this is insufficient to explain the large splitting.  
They further showed that one has to invoke through-space transition dipole coupling 
(TDC).  The corresponding potential describing the interaction between oscillator i and j 
can be written as: 
  
( )( )
3
ˆ ˆˆ ˆ ˆ ˆ3i j i j i ij j iji jTD
ij
ij
Q Q
n n n R n RQ Q
V
R
µ µ
ε
∂ ∂
⎡ ⎤⋅ − ⋅ ⋅∂ ∂ ⎢ ⎥= ⎢ ⎥⎣ ⎦
r r
   (1) 
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where iQµ∂ ∂r is the derivative of the electronic ground state dipole moment with respect 
to the i-th normal coordinate Qi, ˆ ˆ,  i jn n are unit vectors in the direction of the respective 
dipole moments, ijR  denotes the distances between the two dipoles and ˆijR  is the unit 
vector in the direction of the line between the two dipole centers.  We like to emphasize 
that eq. (1) is the so-called point approximation which is valid only if the dipole length is 
small compared with Rij [50] 
The transition dipole derivative can be transformed into local symmetry 
coordinates r so that the transition dipole coupling can be expressed in terms of a force 
constant [28]: 
   0.1lm lm
l m
F X
r r
µ µ∂ ∂= ⋅ ∂ ∂
r r
     (2) 
where l,m label different symmetry coordinates. The dipole derivatives in eq. (2) are 
obtained by means of the transformation: 
   li
li l
L
Q r
µ µ∂ ∂= ∑∂ ∂
r r
      (3) 
where Lli denotes the l-th component of the i-th modes eigenvector.  Cheam and Krimm 
used two different conformations of a glycine dipeptide to obtain rµ∂ ∂r values for a 
large set of symmetry coordinates [51].  Krimm and coworkers incorporated TDC 
coupling in their force fields [52], which they used for the vibrational analysis for a 
variety of poypeptides adopting different secondary structures.  A detailed review of this 
pioneering work is available [28].  For the sake of illustration we describe some results 
obtained for polyglycine I [52].  Its crystal structure was found to be an antiparallel 
rippled β-sheet, the unit cell of which contains four peptides and exhibits a C2h symmetry.  
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Thus, the respective delocalized normal modes transform like Ag, Au, Bg and Bu.  The 
modes with gerade symmetry are Raman, the ungerade modes are IR active.  In the 
absence of any interpeptide vibrational mixing this classification would be meaningless, 
because the peptide groups in the unit cell would be independent and would give rise to 
nearly identical wavenumbers for corresponding modes.  However, the non-coincidences 
between IR and Raman wavenumbers for AI, AII and AIII which were satisfactorily 
reproduced by the normal mode calculation of Moore and Krimm [53] clearly 
demonstrate that they are all delocalized due to vibrational mixing. 
 While the classical work of Krimm and coworkers was done with an empirical 
force field, more modern approaches determined the force constants from ab initio 
Hartree-Fock or Density Functional Theory (DFT) calculations.  The main advantages are 
(a) the higher reliability of the force field, since all possible interactions including 
transition dipole coupling are taken into consideration and (b) the automatically achieved 
consistency of vibrational dynamics and structure by performing the normal mode 
calculations for an optimized structure representing an energy minimum.  The 
disadvantages are a limited physical insight (e.g. it is not possible to discriminate 
between different types of interactions solely from the obtained force constants) and a 
limited applicability to longer peptides.  Recently, the latter difficulty was elegantly 
addressed by Keiderling, Bour and their coworkers, who obtained DFT based force 
constants for small model peptides, which they subsequently utilized to construct a force 
field for polypeptides [13,25,54,55,56]. Their approach is discussed briefly in the 
following. 
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 The construction of a polypeptide force field is based on representative fragments 
which contain all existing covalent and non-covalent interactions.  For example, an 
(artificial) α-helical heptaamide such as Ac-A6-NHCH3 could be used as a minimal 
building block for an α-helical polyalanine, since its central peptide linkage is hydrogen 
bonded towards the N- as well the C-terminal [25].  The force constants are then obtained 
in Cartesian coordinates from an ab initio calculation with a sufficiently large basis set.  
In order to use them for the polypeptide they have to be transferred into a common 
Cartesian reference system by a unitary transformation.  For the calculation of IR, Raman 
and VCD intensities the derivatives of electronic and magnetic transition dipole moments 
and of the polarizability tensor are expressed in Cartesian coordinates with respect to the 
center of mass of the considered unit: 
   ( ) ( )0P
x
αλεα λ
ε
µ λ∂= ∂       (4a) 
   ( ) ( ) 10
2 2
miM R P
p εδ
αλ λ λ
εα αγδ γλε
λ ε⎡ ⎤∂= ⋅ + ⋅⎢ ⎥∂⎣ ⎦h
   (4b) 
   ( ) ( )' 0
x
αβ
αβε λε
α λα ∂= ∂       (4c) 
where α, β, γ, δ ,ε=x,y,z  just label the Cartesian coordinates of the atom λ, h is the 
reduced Planck constant and εαγδ  the Levi-Civitá tensor.  The derivatives on the right 
hand side of eqs. (4) are calculated in local coordinate systems with their origin on λ.  In 
this representation the transition dipole moments P and M appear as atomic polar and 
axial tensor of rank 2, whereas α’ is a rank 3 tensor. All three are calculated at the origin 
of the center of mass coordinate system.  Since mr  and thus also M are origin-dependent, 
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the second term on the right hand side of eq. (4b) has to be added to account for the 
coordinate transformation from the atomic to the center of mass system.  P, M and α’ are 
generally calculated on the B3LY91/6-31G** level of theory for the fragment [57] and 
then transformed into the common coordinate system for the larger polypeptide system. 
 We illustrate the applicability of this method by briefly referring to a very recent 
paper by Kubelka et al. [13], which reports the simulation of the IR and VCD spectra of 
short and long poly-alanines in vacuo and in explicit water.  Figure 7 depicts the spectra 
of solvated α-helical Ac-A6NH-CH3 and Ac-A4-NH-CH3 in a 310 and a PPII 
conformation obtained from a DFT calculation with a 6-31G* basis set.  The intensity 
ratios of the three depicted amide bands in the IR spectra and their respective 
wavenumber differences are in qualitative agreement with experimental data on similar 
structures; even though the wavenumbers are generally overestimated, which is a general 
problem of even the best ab initio calculations.  In the VCD spectrum amide I shows the 
experimentally obtained positive couplets for the helical and negative couplet for the PPII 
conformation.  The point, which we like to emphasize is the significant dispersion, which 
the calculations reveal for the modes of all computed conformations, which in the case of 
amide I leads to asymmetric band profiles for the α- and the PPII helix.  For PPII this is 
in full agreement with experiments on PPII containing peptides [58,59]   The authors 
rationalized this observation in terms of end effects, i.e. the different intrinsic 
wavenumbers of the terminal peptides,  but this is unlikely to be the only reason in view 
of the fact that the smaller dispersion of 310 amide I corresponds well with the much 
smaller nearest neighbor coupling for this structure [60]  The study of Kubelka et al. does 
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not discuss the normal mode composition of the calculated amide I modes, which would 
have revealed the degree to which these modes are delocalized. 
 The authors transferred the DFT calculated force fields and dipole/polarizability 
tensors obtained from the above small peptides to a longer peptide containing 21 
residues.  The results for the explicit water calculation are shown in Figure 8.  The IR 
bands now appear narrower than in the spectra of the shorter fragments.  This holds 
particularly for amide I.  This is due to the absence of end effects, but even more to 
vibrational coupling between amide I modes, which in the ideal case of an infinitesimally 
long, regular helix focuses the oscillator strength into three heavily delocalized modes.  
The VCD spectra of the 310 conformation depict a smaller VCD couplet for amide I than 
for amide II, which is an experimental characteristic of this conformation [9].  
Interestingly, the calculation predicts a quite pronounced amide II couplet for PPII, 
which, if validated experimentally, could serve as an additional marker for the occurrence 
of this conformation in the spectra of so-called unfolded peptides and proteins.  This 
result is also of basic physical relevance, since the very existence of a couplet is generally 
indicative of vibrational mixing, the occurrence of which has been recently questioned by 
Asher and coworkers for amide II and III [23]. 
 This and numerous earlier studies of the Keiderling group have doubtless 
demonstrated the applicability of the transfer strategy for a variety of quite regular 
secondary structures.  The situation becomes of course more complicated for more 
irregularly structured peptides, for which more than one model fragment would be 
required.  Such irregularities could also include different amino acid residues.  As was 
already pointed out by Krimm and Reisdorf [61], side chains can detune the intrinsic 
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wavenumber of e.g. the amide I mode which would cause a stronger dispersion and band 
asymmetry.  This notion was recently experimentally confirmed by Measey et al., who 
for XA dipeptides demonstrated a wavenumber spread over an interval of 10 cm-1 and 
concomitant variations of the transition dipole moment [40].  Hence, the simulation of 
longer hetero-polypeptides would require the use of multiple fragments, making the 
process a quite-time consuming endeavor.  A first step into this direction, however, has 
recently been accomplished by Bour and Keiderling who simulated the IR and VCD 
spectra of TrpZip-style β-hairpin structures, which requires the superposition of different 
secondary structures [62]. 
 We now turn to an approach, which invokes some of the concepts discussed in the 
third chapter of this review.  Torii and Tasumi developed a coupled oscillator approach 
for a normal mode calculation and IR band simulation of a variety of proteins with very 
different secondary structure composition [63,64].  To this end they used a rather simple 
empirical force field for the individual peptides.  Changes of the diagonal force constant 
of amide I were allowed only for CO bonds involved in helical or sheet hydrogen 
bonding.  Vibrational mixing was solely considered as resulting from TDC.  In spite of 
the model’s simplicity, the reproduction of the amide I band profiles particularly of 
carbonmonoxy myoglobin, α-lactuglobulin and lysozyme is remarkable.  In another 
study these authors demonstrated that the amide I band shape can become very 
asymmetric for short helices.  This was shown to result from the fact, that A-mode like 
motions of short helices, which contribute 70% of the IR intensity of an α-helix, probe a 
somewhat more extended interval of the respective phase axis, in which wavenumber 
dispersion is rather significant.  For long helices the mode distribution is much narrower 
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around zero phase.  For E-like modes, the wavenumber dispersion is much less 
pronounced.  As a consequence, the effective wavenumber of the A-like spectrum shifts 
up and separates itself from the E-like spectrum for decreasing peptide length, thus giving 
rise to a broadening on the low wavenumber side. 
 A very similar approach has been carried out by Choi et al. to simulate the amide 
I profiles of myoglobin and flavodoxin [65].  In their work they focused on evaluating the 
delocalization of the various amide modes.  They found that 15% of the protein’s 
residues are generally involved in the formation of each amide I mode.  This 
demonstrates that amide I is delocalized beyond the limits of a given secondary structure 
element, and that tertiary structure affects the mode composition and thus the overall 
band shape.  They also found that a detuning of the amide I internal wavenumbers 
reduces the delocalization, but does not eliminate it. 
A similar, but more detailed and most likely more accurate approach for the 
simulation of amide I has recently been developed by Brauner et al. [66,67].  Like Torii 
and Tasumi [63] they invoked the coupled oscillator approach, but in addition to 
transition dipole coupling they also considered valence-bond and hydrogen-bond 
interactions.  Moreover, they utilized a more general theory of TDC based on the 
equation: 
   TDCij j iV gradµ= ⋅ Φr       (5) 
where Φi is the electric potential of the i-th at the location of the j-th dipole.  A dipole of 
moment µr  can be considered as oriented along a local z-axis between end points at a/2 
and a/2 and its potential can be expressed in the multipole expansion: 
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  ( ) ( )21 32 4, (cos ) cos ..ar P Pr r
µ µθ θ θΦ = + +     (6) 
where r and θ are spherical polar coordinates and Pi is the Legendre polynominal of j-th 
order.  A straightforward calculation of the first term yields the point approximation in 
eq. (1), which is valid for a/r << 1.  This might not apply to nearest neighbor coupling.  
Therefore, Brauer et al. used the first two terms in the expansion [66].  By utilizing the 
gradient operator in polar coordinates in eq. (5), one thus obtains the following equation: 
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( ) ( ) ( ) ( )
3
2
3 5
2
2
3 5
cos 5cos 3cos
ˆ 2
2
sin 15cos sin 3sinˆ
8
j j
TDC
ij i
j j
r a
r r
V
a
r r
θ θ θµ µ
µ
θ θ θ θθ µ µ
⎡ ⎤⎛ ⎞⎛ ⎞−⎢ ⎥⎜ ⎟− − ⎜ ⎟⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠= ⋅ ⎢ ⎥⎛ ⎞⎢ ⎥⎛ ⎞− +⎜ ⎟+ − +⎢ ⎜ ⎟ ⎥⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎝ ⎠⎣ ⎦
r  (7) 
The respective force constant can now easily be obtained by just substituting the dipole 
moments by the first derivative with respect to the normal mode coordinate.  Figure 9 
shows the amide I simulation and the corresponding experimental band profile for a 
variety of proteins.  The agreement with the experimental data is impressive, 
demonstrating again that the coupled oscillator model works perfectly for protein spectra, 
concomitantly providing a lot of physical insights.  Figure 10 shows the different 
contributions to the amide I band profile of ribonuclease A.  The different band shapes 
unambiguously demonstrate different positions and band shapes for different helical 
segments.  This result shows that nearly all of the classical decomposition approaches for 
amide I are built on a very shaky basis. 
 The above theoretical approaches were all based on the coupled oscillator model, 
itself based on the assumption that the interacting modes are independent of each other in 
the absence of interactions.  The issue can be phrased differently by asking, whether or 
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not it is suitable to introduce interpeptide coupling in the basis set of normal coordinates 
rather than with respect to local or symmetry coordinates.  A clarification is of high 
relevance, because of the applicability of the coupled oscillator model for longer and 
more heterogeneous peptides.  The issue has been addressed by theoretical work 
discussed in a series of very illuminating and impressive papers by Cho and associates 
[60,68,69,70,71,72].  These researchers developed a strategy, which combines the use of 
DFT/ab initio calculations with the coupled oscillator model, the validity of which is 
convincingly demonstrated [65,69,71].  They used a so called ‘Hessian matrix 
reconstruction method’, which uses the amide I eigenvectors of short polypeptides 
calculated by means of a DFT-based force field to obtain a matrix in Cartesian 
coordinates of the amide I subspace, the diagonal values of which contain the intrinsic 
force constants.  The off-diagonal elements represent the coupling energies in the 
framework of a coupled oscillator model.  For a tetrapeptide with three amide I 
oscillators the method works as follows.  Each delocalized amide I vibration qj is written 
as [69]: 
   
3
1
j jq Q Uα αα =
= ∑       (8) 
where Qα denotes the vibrational coordinate of the local amide I oscillators and Uαj the 
respective eigenvector component of the j-th delocalized mode.  The latter can be 
obtained from the Cartesian displacements of involved atoms (e.g. the carbonyl atom C 
and O) by comparing their respective equilibrium and the vibrationally distorted 
positions.  After proper normalization described in ref.[69] the Hessian matrix is obtained 
by the simple orthogonal transformation: 
   1H U U−= Λ        (9) 
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where U is built by the three normalized eigenvectors of the delocalized modes and Λ is 
the eigenvalues-matrix obtained from the ab initio based normal mode calculations.  Cho 
and corkers used this concept to determine the interpeptide coupling constants from ab 
initio based force fields for all prominent secondary structures [65,71].  They refined 
their method by additionally considering the influence of partial charge of adjacent 
peptides on the intrinsic force constants of amide I, so that the latter also become 
conformational-dependent [69]. 
 In some of their recent studies the Cho group developed an approach to use the 
local eigenvector of amide I for the prediction of IR and VCD amide I band profiles 
[65,71].  They subdivided the polypeptide chain into fragments comprising the peptide 
group and the two adjacent amino acid residues. The electronic transition dipole moments 
of the j-th delocalized mode is written as: 
  
2
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j j j
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r r      (11) 
where the subscripts k and l label different interacting oscillators qk, ql. Note that all the 
derivatives are expressed in a common, global coordinate system.  A similar set of 
equations was obtained for the rotational strength of the delocalized modes: 
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Figure 11 displays the amide I VCD profile for several secondary structures of a 
dipeptide.  The calculations were carried out ab initio for the entire peptide (solid line) 
and for fragment approximation, which invokes the coupled oscillator model.  The 
similarity of the spectra underscores the usefulness of the latter.  Unfortunately, most of 
the calculations cannot be compared with experimental data, because such a short peptide 
solely samples the left handed upper quadrant of the Ramachandran plot.  For PPII the 
calculation do not reproduce the negative couplet generally obtained for tripeptides like 
trialanine or triglutamate [73,74].  Moreover, it seems that rotational strength is 
somewhat underestimated.  The signal calculated for the parallel and antiparallel β-sheet, 
however, is very close to what Eker et al observed for trivaline [73], which was found to 
adopt a β-strand like structure. 
 An interesting result emerged from the recent simulation of pentapeptide spectra 
by Choi et al. [65].  The authors found that the rotational strength of a given delocalized 
mode is predominantly determined by crossjD , i.e. by the magnetic moment induced by 
the adjacent dipole moments.  This validates the much earlier, classical approach by 
Holzwarth and Chaby [75], which will be discussed in more detail below. 
  
3. The excitonic coupling model 
All approaches discussed thus far are classical or semi-classical in that vibrations were 
treated in terms of the classical harmonic oscillator model, whereas quantum mechanics 
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was solely employed to obtain the conformation associated with the minimal energy of 
the electronic ground state.  The excitonic coupling model differs from this view by 
describing interpeptide coupling as occurring between the excited vibrational states of 
local, otherwise independent quantum mechanical oscillators.  Hence, the Schrödinger 
equation of a polypeptide is generally written as follows: 
   ( )0 ,ˆ ˆ ex j v j j
j j
H H v E v+ =∏ ∏     (13) 
where 0Hˆ  and ˆ exH  denote the Hamiltonians of the unperturbed system of harmonic 
oscillators and excitonic coupling, respectively. jv  is the wavefunction of the j-th 
oscillator in the v-th state in Dirac notation, where v represents the vibrational quantum 
number.  The eigenenergy Ev,j is the sum of all individual oscillator energies.  The 
excitonic coupling operator exhibits the general form: 
   ( )
,
ˆ ,ex exij i j i j
i j
i j
H f Q Q Q Q
≠
= ∑      (14) 
where exijf is the Q-dependent interaction potential between the i-th and j-th oscillator, 
e.g. the TDC coupling described by eq. (1) and (7).  The product of nuclear coordinates in 
eq. (14) can be substituted by: 
   ( )( )i j i i j jQ Q b b b bκ + − + −= + +      (15) 
where κ is a constant, ,i jb b+ +  and ,i jb b− −  denote creation and annihilation operators for 
the interacting vibrations.  Two of the four terms obtained by carrying out the 
multiplication in eq. (10) ( i jb b
+ +  and i jb b
− − ) account for the coupling between states 
differing by two vibrational quanta, e.g. 0 ,0i j  and 1 ,1i j .  Since the general values for 
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ˆ
esH suggest that is small compared with the difference between these two vibrational 
states, we can neglect this mixing.  The terms i jb b
+ −  and i jb b
− + , however, mix the states 
0 ,1i j  and 1 ,0i j .  In this case the interaction energy might well be comparable or even 
large compared with the energy difference between these two states.  As a consequence 
of this interaction new delocalized eigenstates, so called excitonic states are created 
which read as: 
    ( )1 1cα αβ βϕ =      (16) 
where the use of Greek indices is indicative of the Einstein convention for summations.  
The number 1 indicates that only individual vibrational states associated with v=1 are 
considered. 
 An ideal tool to probe such excitonic states is Two-Dimensional IR Spectroscopy 
(TDIS).  To demonstrate its applicability we focus on two papers by Woutersen and 
Hamm [76,77], which describe how this technique can be used to determine the excitonic 
coupling energy between amide I modes in trialanine (Figure 12).  The experimental 
concept involves a narrow laser pump pulse which only partially and narrowly overlaps 
with the amide I band in the IR spectrum and a rather broad probe pulse, which covers 
the entire amide I band region.  In the experiment, the pump wavenumber is scanned for 
different pump frequencies.  The experiment was conducted with different polarization 
directions.  The on-diagonal maxima and minima correspond to the excited state 
absorption and ground state bleaching, respectively (Figure 13).  The two contour plots 
for perpendicular and parallel polarization do not resolve the on- and off-diagonal 
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maxima and minima, but this was eventually accomplished by subtracting these spectra, 
as shown in lower panel of Figure 13. 
The authors developed a theory, which they self-consistently fitted to the FT-IR 
band profile and the observed 2-dimensional contours.  The model was based on the 
above described excitonic coupling model in the basis set 
{ }0,0 , 1,0 , 0,1 , 2,0 , 0,2 , 1,1 , , so that the corresponding Hamiltonian read as: 
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   (17) 
where Ω1 and Ω2 denote the wavenumbers of non-interacting amide I modes, ∆ is the 
nearest neighbor excitonic coupling energy and δ empirically accounts for the 
anharmonicity of the respective second excited vibrational states.  The off-diagonal 
coupling strength reflects the excitonic mixing and thus the coherence between the 
vibrational states.  From the eigenvalues of this Hamiltonian the effective dipole 
strengths for the two oscillators can be obtained and the individual IR-bands were 
modeled by Voigtian profiles.  The frequency resolved pump-probe signal was calculated 
as: 
  ( ) ( ) ( ) ( )
1 21 1 1 2 2 2S d g d g Sω ωΩ Ω= Ω Ω Ω Ω∫ ∫     (18) 
where g1(Ω1) and g2(Ω2) are uncorrelated inhomogeneous distributions.  For a given sub-
ensemble of such distributions the signal 
1 2
SΩ Ω is written as: 
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  ( ) ( ) ( ) ( )
1 2 1 2
3*
, 2 ,ImS E Pω ω ωΩ Ω Ω Ω⎡ ⎤= ⎣ ⎦% %      (19) 
where 2E%is the Fourier transformed function of the time dependent probe field and 
( )
1 2
3
,PΩ Ω% is the Fourier transformed of a third order polarization function, which depends on 
the involved transition dipole moments, the eigenenergies (wavenumbers) of the 
excitonic states, the electric fields of the pump and probe beam and their frequencies.  
The corresponding equation is quite long and is given in detail in ref. [77].  For cationic 
trialanine (pD 1) Woutersen and Hamm obtained a coupling constant of ∆ = 6 cm-1 from 
the off-diagonal signal in Figure 13.  Moreover they used the cross-peak anisotropy to 
obtain an angle of 1020 between the interacting transition dipole moments [76].  A 
comparison with ab initio calculations of Torii and Tasumi [78] led them to deduce a 
representative structure with (φ,ψ) = (-600, 1400) which can be characterized as a 
somewhat distorted polyproline II conformation.  This result will be discussed in more 
detail below.  Using a similar experimental and theoretical approach Kim et al. obtained a 
different PPII like conformation (φ,ψ) = (-700, 1200) for the alanine dipeptide [79.] 
 Fang et al. performed a very impressive TDIS study on a 25 residue-containing 
alanine based peptide, which predominantly adopts an α-helical structure [80].  First, 
they isotopically labeled the amide I oscillator in selected peptides to isolate their 
respective contribution to the overall band profile and to determine the excitonic coupling 
constants and the on- and off diagonal anharmonicities.  Moreover, they used different 
absorptivities associated with the bands of 13C16O and 13C18O to derive the signs of the 
coupling constants.  Thus, they obtained ∆j,j±1=11.3 cm-1, ∆j,j±2 = 5.4 cm-1  and ∆j,j±3 =-5.8 
cm-1.  The value for the nearest neighbor coupling ∆j,j±1 is quite close to what Torii and 
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Tasumi obtained for an α-helical conformation of a glycine dipeptide [78].  In a second 
step the authors constructed an excitonic coupling model for the entire peptide and 
performed a simulation to reproduce the two-dimensional spectra of the unlabeled and 
labeled peptides.  The inhomogeneity of the local amide I wavenumbers was explicitly 
taken into account.  Excitonic coupling constants were obtained from DFT calculations 
for a glycine dipeptide (for ∆j,j±1) and from a model considering transition charge – 
transition charge transitions (for non-nearest neighbor coupling) and then slightly 
modified for the best reproduction of the energy levels of fundamentals, overtones and 
combination tones of the interacting amide I modes.  This latter procedure yielded a set 
∆j,j±1=8.5 cm-1, ∆j,j±2 = -5.4 cm-1  and ∆j,j±3 =-6.6 cm-1.  Apparently, the nearest neighbor 
coupling is somewhat lower that the value directly obtained from the separate pair 
modeling of bands shifted by isotopic labeling.  It comes closer to results from DFT 
calculations by Choi et al. [68] and to the result of a recent amide I band analysis based 
on linear IR and Raman band profiles [81] 
 The two studies reviewed above are only two representative of an increasing body 
of studies using non-linear spectroscopy.  Combined with isotopic labeling it can 
apparently provide information about local conformations of a polypeptide chain.  Since 
the excitation process involves the first and second excited states, information about the 
mode anharmonicity can be obtained as well.  The underlying theory, though complex, is 
well established and quite transparent from a physicist’s viewpoint.  As with all 
approaches, there are also disadvantages.  The employed experimental technique is 
expensive and the data analysis certainly not a trivial endeavor.  Even in the best case the 
structure cannot be totally deduced from experimental data, which provide only coupling 
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constants and angles between transition dipole moments.  The limitations can be 
overcome by choosing an alternative strategy, which combines different conventional 
vibrational spectroscopies to obtain sufficient information for the determination of 
dihedral angles.  This concept developed by Schweitzer-Stenner and coworkers is 
outlined in the following. 
 The representative paper which illuminates the concept for a comparatively 
simple system deals with tetraalanine [82], which contains three peptide groups.  The 
influence of the terminal groups perturb the amide I wavenumber, so that the three 
individual bands are separated even in the absence of interpeptide coupling.  Figure 14 
displays the amide I profile of cationic tetraalanine in the respective IR, Raman and VCD 
spectra.  The Raman spectra were measured parallel and perpendicularly polarized to the 
scattering plane; from these spectra the isotropic and anisotropic scattering can be 
obtained.  The IR and Raman spectra could be self-consistently decomposed into three 
bands with the same wavenumber and halfwidths.  Apparently, the intensity distribution 
is quite different for IR, isotropic and anisotropic Raman, leading to a non-coincidence of 
the respective peak wavenumbers.  This is clearly indicative of excitonic coupling 
between the local amide I modes.  This notion is corroborated by the strongly negatively 
biased couplet in the VCD spectrum.  From the spectral analysis, the intensity ratios for 
the three bands and their depolarization ratios were obtained. 
 The theory is a three-oscillator model to describe the mixing between the amide I 
modes by transition dipole and through bond coupling [78].  Eq. (16) now reads as: 
     
1 11 1 12 2 13 3
2 21 1 22 2 23 3
3 31 1 32 2 33 3
1 1 1
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= + +
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= + +
   (20) 
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Orthonormalization requires that the mixing coefficients are related by: 
     2 21 ij ij
i j
a a= =∑ ∑      (21) 
The coefficients can be obtained from the solution of the time-independent Schrödinger 
equation, the Hamiltonian of which is written in the matrix representation as: 
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13 23 3
H
Ω ∆ ∆⎛ ⎞⎜ ⎟= ∆ Ω ∆⎜ ⎟⎜ ⎟∆ ∆ Ω⎝ ⎠
    (22) 
The diagonal elements jν%, j=1,2,3 are the wavenumber values of the unmixed oscillators; 
∆ij (i,j=1,2,3) are the energies of excitonic coupling between the amide I modes.  All 
energies are expressed in units of cm-1.  The diagonalization of eq. (22) yields the 
eigenenergies of the three excitonic states, i.e. Ω1’, Ω2’ and Ω3’ and the coefficients of 
eq. (20).  The latter are subsequently used to calculate the Raman tensor of the excitonic 
states: 
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    (23) 
where 1αˆ , 2αˆ  and 3αˆ  are the amide I Raman tensors of the three peptide groups.  In 
order to calculate ˆ ' kα  (k=1,2,3) all ˆkα  have to be expressed with respect to the same 
coordinate system.  Thus, the Raman tensors of the excitonic states become dependent on 
the mutual orientation of the peptide groups.  The C-terminal peptide group was selected 
as reference system with the respective nitrogen atom as origin of the coordinate system 
(Figure 15).  The x-axis of the coordinate system coincides with the NCα bond, which is 
also the rotational axis for the dihedral angle φ.  The y-axis is (nearly) co-planar with the 
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peptide group, and z is the out-of-plane coordinate.  1αˆ , 2αˆ  and 3αˆ  were assigned to the 
N-terminal, central and C-terminal peptide, respectively.  1αˆ  was rotated from the 
coordinate systems S1 (N-terminal) into S3 (C-terminal) by the following matrix 
operations:
 
( ) ( ) ( ) ( ) ( ) ( ) ( )( ) ( )( ) ( )( ) ( )
( ) ( ) ( ) ( ) ( ) ( ) ( )( ) ( )( ) ( )( ) ( )
1 2 12 12 12 12 1 1 12 12 12 12
1 3 23 23 23 23 1 2 23 23 23 23
ˆ ˆ' '
ˆ ˆ' '
T T T T
T T T T
S R R R R S R R R R
S R R R R S R R R R
α ω ψ ξ φ α φ ξ ψ ω
α ω ψ ξ φ α φ ξ ψ ω
=
=
 
            (24) 
which, by using Figure 15, can be understood as follows.  First, S1 has to be rotated by an 
angle φ12’=φ12-π. Subsequently, a rotation by ξ12 in the xy-plane is necessary so that the 
y-coordinate coincides with the CαC bond, which is the rotational axis for ψ12.  ξ12 is the 
angle formed by the y1-axis and the CαC bond.  Next, the system is rotated by the 
dihedral angle ψ12.  The fourth step involves the rotation by an angle ω12, which is 
formed by the CαC bond and the y2-axis.  This rotation causes the x-axis to coincide with 
the NCα bond.  Subsequently, a similar sequence of rotations around the angles φ23, ξ23, 
ψ23 and ω23 has to be carried out to obtain 1αˆ  in the coordinate system S3.  The same 
transformation has to be carried out to obtain 2αˆ in S3.  ω and ξ can be obtained from 
textbooks on peptide structure as 96o and 20o, respectively. 
 The tensors calculated by means of eqs. (23) and (24) can be used to calculate the 
isotropic and anisotropic scattering for the i-th excitonic states: 
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Eq. (25) can be used to calculate the intensity ratios of the amide I bands in the isotropic 
and anisotropic Raman spectrum of tetrapeptides: 
     2 2, ' , , 'iso ii s i s iR β β=       (26a) 
     2 2, ' , , 'aniso ii aniso i aniso iR γ γ=     (26b) 
as function of the mixing parameters aij and the dihedral angles φii’ and ψii’.  
 To calculate the ratios of the total absorptivity of the three IR amide I’ bands it was 
assumed that the orientation of the amide I’ transition dipole moment is identical for all 
peptide groups.  Each transition dipole moment can therefore be described by: 
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where j denotes the peptide group, D0j is the amount of the respective amide I’ transition 
dipole moment and ϑ is the orientational angle between the dipole vector and the x-axis 
of the coordinate system associated with the j-th peptide group.  
To calculate the transition dipole moments of the excitonic states 1D
r
 and 2D
r
 of 
the N-terminal and central peptide group have to be transformed into the coordinate 
system S3 of the C-terminal peptide:  
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Eq. (20) can then be used to describe the dipole moments of the excitonic states: 
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Now, the intensity ratios of the amide I’ bands in the IR spectrum of a tetra-peptide can 
be calculated by using: 
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as function of the mixing parameters aij and the dihedral angles φii’ and ψii’.  
 The original VCD model of Holzwarth and Chabay [75] considered only two 
oscillators with identical eigenenergies.  Eker et al. recently expanded and generalized 
this model to account for the coupling of two non-isoenergetic oscillators and for the 
possibility that at least one of the amide I modes displays some intrinsic rotational 
strength, which has been found to be the case for C-terminal peptide groups [73].  If one 
extends this model to three oscillators one obtains for the rotational strength of the i-th 
mode (i=1,2,3) is written as: 
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where jM
r
 is the corresponding magnetic transition dipole moment of the j-th oscillator, 
ijT
r
 is the distance vector between oscillator i and j and ijΩ  is their average wavenumber.  
It should be notified that the 2nd, 3rd, 4th and 5th term of eq. (30) together are equivalent to 
the crossjD term in eq. (12).  The 2
nd term describes rotational strength which is induced by 
the excitonic mixing of excited vibrational states, the terms 3 through 5 reflect magnetic 
moments at residue induced by the electronic transition dipole moments of its neighbors.  
The VCD-signal ∆ε (in units of cm-1M-1) is calculated as a superposition of three 
Voigtian profiles: 
( )( ) ( )
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 (31) 
where Γj and σj are the Lorentzian and Gaussian halfwidths attributed to the j-th band. 
0Ω  is the first moment of the entire amide I’ band profile and ν% is the wavenumber 
variable. 
 The first step of our analysis utilizes the intensity ratios Riso(1,2) and Riso(2,3) of the 
amide I’ bands in the isotropic Raman spectrum to determine the quantum mechanical 
mixing factors aij and the wavenumbers jΩ  of the unperturbed amide I’ modes.  This 
eventually yielded ∆12=∆23=6.5 cm-1 and ∆13=-2 cm-1.  In a second step, the intensity 
ratios Raniso(1,2), Ransio(2,3) and RIR(1,2), RIR(2,3) of the amide I’ bands and the respective 
Raman depolarization ratios were calculated as a function of ψ and φ and compared the 
results with the respective experimental values.  This yielded a solution, which is 
visualized in Figure 16.  It depicts the φ2 dependence of the intensity ratios and 
 34
depolarization ratios for (φ1, ψ1) = (-70o, 155o) and ψ2=145o.  Apparently, the respective 
experimental values visualized by horizontal lines can all be reproduced in the limit of 
their experimental accuracy by φ2 = - 80±100 (vertical line). 
 The result was checked by using the obtained parameters and dihedral angles to 
calculate the VCD signal of the amide I’ in the lower panel of Figure 14.  Details can be 
inferred from the paper of Schweitzer-Stenner et al. [82].  To account for the negative 
bias of the VCD couplet a magnetic transition moment for the C-terminal peptide has 
been introduced.  Amount and orientation were used as free parameters.  A satisfactory 
reproduction of the experimental signal resulted with 233 2.3 10M
−= ⋅  esu⋅cm-1 and an 
angle of 730 between 3D
r
and 3D
r
.  Altogether, the self-consistent reproduction of all the 
measured amide I’ profiles in terms of the very same geometric parameters strongly 
corroborates the validity of the analysis, which was later corroborated by McColl et al. 
[46]. 
 The dihedral angles obtained from the above analysis are very close to that of the 
canonical PPII conformation, i.e. (φ, ψ) = (-78o, 146o).  This observation contrasts with 
results on tri-alanine for which Eker et al. obtained (φ, ψ) = (-123o, 173o) [74], which was 
then found to be an average conformation reflecting a 50:50 mixture of PPII and a very 
extended β-strand like conformation.  The present data show that the equilibrium 
between these two conformations is significantly shifted towards PPII in tetraalanine.  
The obtained values for the dihedral angles suggest that only a small fraction of the β-
strand like conformation is populated at room temperature.  
 The above concept has been applied to a variety of tripeptides by Eker, Schweitzer-
Stenner, Griebenow and Nafie to discriminate between different extended conformations 
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[73,74,83].  Their results support the notion that even very short peptides can adopt well 
defined conformations in solution and demonstrate different structural propensities of 
amino acids [84]. 
 The above approach has recently been extended to simulate amide I band profiles 
of much longer peptides. Details can be inferred from Schweitzer-Stenner [81].  The 
theory described therein is basically just an extension of the basis set reflecting the 
number of oscillators.  Of course, a spectral decomposition into individual bands is 
impossible for polypeptides with more than three amide I modes.  Hence, one has to 
simulate band profiles based on a assumed structure, as in the studies of Torii and Tasumi 
[63,64] and Brauner et al.[66,67].  In second step the structure has to be modified in order 
to achieve an optimal reproduction of the band profiles and the respective VCD couplet.  
To demonstrate how the combined use of IR, polarized Raman and VCD can be used to 
discriminate among different secondary structures, Figure 17 depicts the respective 
calculated amide I band profiles of a 20 residue peptide for PPII and strand 
conformations with the dihedral angles adopted in an antiparallel and parallel β-sheet.  
Additionally, Figure 17 shows the profiles of an extended β-strand.  Apparently, the IR 
and isotropic Raman profiles of these structures are quite similar, but the respective 
anisotropic Raman profile and the VCD couplets are significantly different.  All these 
conformations give rise to a substantial non-coincidence between isotropic Raman and 
IR.  The polyproline II conformation, which has been shown to be of great relevance for 
the understanding of unfolded peptides and proteins, gives rise to an anisotropic Raman 
band, which has its peak wavenumber just between the positions of IR and isotropic 
Raman scattering and additionally to a particularly large negative VCD couplet.  That the 
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latter is characteristic of PPII had been proposed by Dukor and Keiderling nearly 14 
years ago [85]. 
 Measey et al. recently used the information obtained from the analysis of amide I’ 
bands for a variety of AX and XA peptides and the individual amino acid propensities 
obtained by Eker et al.[86] to simulate the amide I’ profiles of the β-amyloid fragment 
Aβ1-26 [40].  The result shown in Figure 18 is that all three experimental profiles are 
reproduced quite well.  It is illuminating to compare the secondary structure used for 
these simulations with results from a recent NMR study on the intact Aβ1-42 [87]  The 
latter revealed a mixture of certain β-strand like motifs (eg. the LVFFA sequence of 
segment 17-21) and a larger fraction which the authors described as random coil.  
Measey et al.[40] and earlier Eker et al.[86] substituted random coil by the appropriate 
PPII or β-strand propensity.  A real random coil would give rise to much more 
broadening particularly of the anisotropic band profile and would most likely eliminate 
the non-coincidence between the different band profiles.  This demonstrates how 
vibrational spectroscopy can be used as a tool complementary to NMR, particularly 
because the latter has its limits concerning the analysis of so called unfolded peptides and 
proteins. 
 The advantage of the approach developed by Schweitzer-Stenner and coworkers is 
that it exploits the information from different vibrational spectroscopies in a self-
consistent way.  This holds particularly for anisotropic Raman scattering which has thus 
far totally neglected by Raman spectroscopists.  The disadvantage of this method is that it 
requires high quality Raman spectra and very accurate spectral analysis, which is 
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sometimes a difficult endeavor owing to its dependence on the correct background 
subtraction and on the choice of the baseline. 
 
Summary 
In this article we have tried to show that vibrational spectroscopy has far more potential 
for the structure analysis of peptides and proteins than generally assumed.  We 
predominantly focused on the most structure-sensitive amide I band and reviewed several 
approaches which all exploit the vibrational mixing between amide I as a tool for 
structure analysis.  In general terms this review argues in favor of the notion that theory 
and experiment, classical and quantum chemical methods, have to be combined to 
advance vibrational spectroscopy in the field of peptide and protein science. 
 
List of abbreviations 
ECD: electronic circular dichroism, VCD: vibrational circular dichroism, ROA: Raman 
Optical activity, AP: alanine based peptide with 21 residues, TDC: transitions dipole 
coupling, PPII: polyproline II.  
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Figure captions 
Figure 1: FT Raman spectrum of N-methylacetamide in water (taken from Chen et al. 
[30]). 
Figure 2: Upper three panels: Polarized visible Raman and FTIR spectrum of anionic 
alanylalanine in the wavenumber region between 1200 and 1500 cm-1 measured at the 
indicated pH. Lower panel: Unpolarized Raman spectrum of cationic alanylalanine. The 
band profiles displayed between 1200 and 1350 cm-1 result from a self-consistent spectral 
decomposition described in reference 21, from where this figure was taken and modified. 
Figure 3: Eigenvectors of amide III1 (upper panel), amide III2 (intermediate panel) and 
amide III3 (lower panel) of neutral alanylalanine obtained from DFT based normal mode 
calculations described in reference 21, from where this figure was taken and modified. 
Figure 4: UV resonance Raman spectra of (a) unfolded and (b) helical AP and its 
isotopically labeled derivatives measured with 204 nm excitation at 600 and 00 C, 
respectively.  The first spectrum from the top is from AP in H2O.  The second panel 
depicts the spectrum of AP with deuterated alanine side chains.  The third panel displays 
the spectrum of AP in D2O, the fourth one that of AP with deuterated alanines im D2O.  
The picture was taken from reference 22 and modified.  
Figure 5: Molscript diagrams of a segment of unhydrated (canonical) α-helix, together 
with segments displaying the external (open), three centered and water inserted types of 
hydration discussed in the paper of McColl et al. [44].  The sources of the structures are 
given in this reference. 
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Figure 6: Backscattering Raman (IR+IL) and Raman Optical Activity ((IR-IL) spectra of 
aqueous solutions of cationic Ala2 to Ala5 (pH 1.0). Experimental conditions can be 
inferred from reference 46, from which the figure was taken and modified. 
Figure 7: IR spectra (upper figure) and VCD spectra (lower figure) of an α-helical Ac-
A6-NH-CH3 (upper panels) and 310 (31,PPII) helical Ac-A4-NH-CH3 (middle and lower 
panel) calculated with force field, oscillator and rotational strengths obtained from a fully 
DFT calculation. Vertical lines indicate position and dipole strength of delocalized 
vibrational states (taken in modified form from reference 13). 
Figure 8: IR spectra (upper figure) and VCD spectra (lower figure) of Ac-A20-NH-CH3 
in an α-helical (upper panels), 310 helical (middle panel) and 31(PPII) helical 
conformation calculated with force field, oscillator and rotational strengths obtained from 
a fully DFT calculation. Vertical lines indicate position and dipole strength of delocalized 
vibrational states (taken in modified form from reference.13). 
Figure 9: Experimental and simulated amide I profiles for six indicated proteins (A-F) 
and two peptides G: a synthetic collagen model peptide [PPG10]3 and (H) pulmonary 
surfactant protein SP-C.  The solid lines depict the experimental spectra and the dashed 
lines the calculated ones.  Calculated subbands corresponding to contributions from 
specific amino acid residues are shown in (G).  Details can be inferred from reference 67, 
from where the figure was taken and slightly modified. 
Figure 10: Individual amide I bandshapes of indicated secondary structures of 
ribonuclease A.  Helix 1 and 2 have the classical α-helical hydrogen bonding pattern and 
helix 3 is more tightly wound.  The sum of several different sheet regions of various 
 41
length and width (53 peptide groups) is shown including three turns within sheet 
structures.  More details can be inferred from reference 67. 
Figure 11: VCD amide I couplets of seven representative dipeptide conformations, i.e., 
RHH: right-handed helix, LHH :left-handed helix, 310H (310 helix), πH: π helix, APB: 
antiparallel β-sheet, PB: parallel β-sheet!, and PII: polyproline II, are plotted by assuming 
that the line shape of each peak of a delocalized amide I modes is a Lorentzian with a 
FWHM of 20 cm-1.  The solid-dashed curves correspond to the spectra obtained by using 
the DFT-calculated fragment approximated rotational strengths of the two normal modes. 
The figure was taken form reference 71. 
Figure 12: Anionic trialanine in a polyproline II conformation.  
Figure 13: (a) Linear IR absorption spectrum of cationic trialanine in D2O.  The dotted 
lines depicts a representative pump-pulse spectrum. (b) 2D spectrum measured with a 
delay of 1.5 ps, for parallel polarizations of the pump and probe pulses. Blue color 
indicates negative absorption, red colors positive absorption change.  Contour intervals 
are 0.13 OD. (c) 2D spectrum measured for perpendicular polarizations of the pump and 
probe pulses.  Contour intervals are 0.13 OD. (d) Difference between perpendicular and 
parallel polarized absorption. Contour intervals are 0.04 mOD. (e)-(h) Calculated signals, 
using parameter values ∆=6 cm-1 and an angle of 106o between the interacting transition 
dipole moments (taken form reference 76 and modified). 
Figure 14: Amide I’ region of the FTIR, isotropic Raman, anisotropic Raman and VCD 
spectra of L-alanyl-L-alanyl-L-alanyl-L-alanine in D2O measured at pD.  The line 
profiles in the IR and Raman spectra result from a global spectral decomposition as 
described in the Material and Method section.  The solid lines in the VCD spectra result 
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from a calculation based on the dihedral angles obtained from the analysis of the amide I 
band intensities.  Details can be inferred from reference 82, from where the figure was 
taken and modified. 
Figure 15: Planar structure of tetra-alanine (φ=180o, ψ=180o).  The coordinate systems 
S1(x1, y1, z1), S2(x2, y2, z2) and S3(x3, y3, z3) were used to express the Raman tensors of the 
individual, uncoupled amide I modes and their transition dipole moments (the z-
component for S2 has been omitted for the sake of clarity).  The structure was obtained by 
using the program TITAN from Wavefunction, Inc.  The figure was taken form reference 
82 and modified 
Figure 16: RIR(1,2), RIR(2,3), Raniso(1,2), Raniso(2,3), ρ1, ρ2 and ρ3 calculated as function of 
the dihedral angle φ2 for φ1=-70o, ψ1=155o and ψ2 = 145o by using the algorithm 
described in the text.  The horizontal lines depict the respective experimental values. The 
solid vertical line labels the φ2-values for, which all experimental values could be 
reproduced in the limit of their accuracy.  This figure was taken in modified form from 
]reference 82. 
Figure 17: Isotropic Raman band, anisotropic Raman band, IR band, depolarization ratio 
dispersion and VCD couplet of amide I simulated for conformations assignable to the 
upper left quadrant of the Ramachandran plot: polyproline II (∆j,j±1 = 5 cm-1, red, solid 
line), antiparallel β-strand (∆j,j±1 = 6 cm-1, solid, black line), parallel β-strand (∆j,j±1 = 4 
cm-1, dash, green line) and extended β-strand (∆j,j±1 = 4 cm-1, dash, black line).  IR-
absorption and VCD spectra were calculated in units of M-1 cm-1.  The vertical lines mark 
the position of the IR-band (solid red) and the isotropic Raman band (dashed red) for the 
PPII conformation. The figure was taken in modified form from reference 81. 
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Figure 18: Simulation of the IR, isotropic Raman and anisotropic Raman amide I’ band 
profiles (solid lines) of the β-amyloid fragment Aβ1-28 obtained by employing a refined 
excitonic coupling model based on the parameter values obtained from XA and AX 
peptides.  We eliminated overlapping bands in the depicted spectral region by subtracting 
their band profiles from the spectrum.  The dashed lines in all three spectra depict the 
result of an earlier simulation based on the assumption that the amide I’ vibrations of 
non-terminal peptide linkages are degenerate (the anisotropic band has been scaled up to 
account for the correct depolarization).  The inset in the lower panel shows the 
depolarization dispersion in the spectral region of amide I’ (taken from reference 40 and 
modified). 
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